Over the past few decades, human embryonic stem cells (hESCs) have received much attention, owing to their potential to contribute to cell-based regenerative medicine and drug screening platforms[@b1][@b2][@b3]. Recent advancements indicate that hESC-derived myogenic progenitor cells could contribute significantly towards the regeneration of compromised skeletal muscle tissues[@b4][@b5][@b6][@b7]. However, there exist numerous challenges before the full potential of hESCs as a cell source for treating injured or diseased skeletal muscle tissues can be realized. Some of these challenges include low yield of myogenic progenitors and their limited *in vivo* engraftment efficiency upon transplantation[@b8][@b9][@b10][@b11].

A number of approaches, including mRNA transfection, genetic manipulation, and small molecule treatment, have been employed to direct differentiation of hESCs into skeletal muscle cells[@b12][@b13][@b14]. A few studies have also showed that hESC-derived mesoderm progenitor cells can undergo myogenic differentiation *in vitro* and contribute to skeletal muscle tissue repair *in vivo*[@b15][@b16]. Recently, we have shown that platelet-derived growth factor receptor-α (PDGFRA^+^) positive cells derived from hESCs exhibit extensive proliferative capacity and can be differentiated into skeletal muscle cells[@b17]. Although this study demonstrated the myogenic differentiation potential of hESCs, their *in vivo* engraftment into injured skeletal muscle upon transplantation was minimal. Here, we sought to improve myogenic differentiation of these hESC-derived PDGFRA^+^ cells by incorporating Wnt signaling.

The canonical Wnt signaling pathway has been shown to play an essential role in regulating stem cell fates and in regeneration of muscle tissues[@b18][@b19][@b20][@b21]. Early studies by Ikeya and his colleagues have shown that Wnt-1 and Wnt-3 signaling from the developing neural tubes could promote myogenic differentiation of dorsal and medial somite cells[@b22]. Studies have also demonstrated that members of the Wnt family can play significant roles in various stages of developmental myogenesis, including the formation of dermomyotome and myotome, as well as skeletal muscle regeneration[@b23][@b24][@b25]. Moreover, the Wnt signaling pathway is shown to be critical for satellite cell activation and differentiation during skeletal muscle injury or degeneration[@b26][@b27][@b28]. Previously, Shang *et al.* have successfully shown the potential application of Wnt/β-catenin signaling to induce myogenic differentiation of rat mesenchymal stem cells[@b29][@b30]. P19 embryonal carcinoma stem cells overexpressing WNT3A have been shown to undergo spontaneous myogenic differentiation[@b31]. Another study by Ridgeway *et al.* have showed that P19 embryonal carcinoma stem cells cocultured with those overexpressing WNT3A undergo terminal myogenic differentiation[@b32]. In a recent study, Barberi and colleagues have used GSK3β inhibitor to generate skeletal muscle precursor cells, expressing PAX3 and PAX7, from human pluripotent stem cells[@b33]. The beneficial effect of WNT signaling on myogenic commitment of human induced pluripotent stem cells (hiPSCs) was also demonstrated by Xu *et al*[@b34]. Among the 2400 chemicals screened, the authors have showed that a cocktail of bFGF, forskolin, and GSK3β inhibitor induced myogenic differentiation of hiPSCs into *in vivo* engraftable myogenic progenitor cells.

In this study, we have investigated the effect of WNT3A protein on myogenic differentiation of PDGFRA^+^ cells derived from hESCs. When transplanted into cardiotoxin-injured skeletal muscles of NOD/SCID mice, these committed cells were found to exhibit significantly higher cell engraftment and contribution to regenerating myofibers and satellite cell compartment compared to their untreated counterparts.

Results
=======

WNT3A-conditioned induction medium promotes myogenic differentiation of hESC-derived PDGFRA^+^ cells
----------------------------------------------------------------------------------------------------

We have derived PDGFRA^+^ mesoderm progenitor cells, exhibiting myogenic differentiation potential, from hESCs as previously described ([Fig. 1](#f1){ref-type="fig"})[@b17]. Myogenic differentiation was achieved by treating hESC-derived PDGFRA^+^ cells in an induction medium consisting of 2 mM L-glutamine, 100 nM dexamethasone, 100 μM hydrocortisone, 1% penicillin/streptomycin, 10 μM transferrin, 860.9 nM recombinant insulin, 20 nM progesterone, 100.1 μM putrescine, and 30.1 nM selenite, albeit at a low efficiency. To determine whether exogenous WNT3A could further promote myogenic commitment of hESC-derived PDGFRA^+^ population, the cells were cultured in WNT3A-conditioned induction medium and compared against those cultured in induction medium or L-cell-conditioned induction medium. [Supplementary Figure S1](#s1){ref-type="supplementary-material"} shows the phase contrast images of PDGFRA^+^ cells (after passage 8) cultured in different medium conditions for 7 days. Irrespective of the medium conditions, the PDGFRA^+^ cells showed typical spindle shape morphology and grew to confluence with no obvious differences in cell shape. The myogenic commitment of these cells was examined for a number of early myogenic markers such as PAX3, PAX7 and MYF5 ([Fig. 2](#f2){ref-type="fig"}). The gene expression pattern suggests that the cells cultured in WNT3A-conditioned induction medium showed an early upregulation of MYF5, followed by its downregulation as a function of culture time. The PAX3 expression of cells cultured in WNT3A-conditioned induction medium was also downregulated significantly with culture time. On the other hand, PAX7 expression in these cells showed a continuous upregulation with the highest expression at day 14. In addition, the cells cultured in WNT3A-conditioned induction medium showed upregulation of various late myogenic markers, like MYOD, DES, MYOG, and MYH1, compared to the control cultures. The cells cultured in presence of WNT3A also showed an upregulation of CD56. The immunofluorescence staining for sarcomeric myosin (MF20) and desmin (DES) further corroborated the findings from the gene expression profile ([Fig. 3](#f3){ref-type="fig"}). The differentiation index, calculated as the fraction of total nuclei that are MF20-positive, showed that a significantly higher number of cells in WNT3A-conditioned induction medium underwent myogenic differentiation ([Supplementary Figs. S2A--B](#s1){ref-type="supplementary-material"}). However, we have not observed any significant difference in the fusion index, which is calculated as fraction of MF20-positive cells containing 3 or more nuclei, likely because most myogenically committed cells (MF20-positive cells) in all culture conditions were multinucleated ([Supplementary Fig. S2C](#s1){ref-type="supplementary-material"}). In addition to promoting myogenic differentiation, our time-dependent analyses revealed that myogenic differentiation of hESC-derived PDGFRA^+^ cells was shifted to earlier time points when cultured in WNT3A-conditioned induction medium compared to the control cultures ([Fig. 2](#f2){ref-type="fig"}).

We further examined the effect of WNT3A-conditioned induction medium on endogenous gene expressions of WNT3A and its downstream targets such as cyclin D1 (CCND1) and AXIN2. As shown in [Fig. 4A](#f4){ref-type="fig"}, the cells cultured in WNT3A-conditioned induction medium consistently showed upregulation of WNT3A, CCND1, and AXIN2 compared to the control cultures at all experimental time points. This is preceded by the markedly elevated levels of phosphorylated AKT and accumulation of beta-catenin, as evident by the western blot analyses ([Fig. 4B](#f4){ref-type="fig"}). Additionally, cells cultured in WNT3A-conditioned induction medium also exhibited upregulation of CD34 and FLK1 ([Fig. 4C](#f4){ref-type="fig"}), which are established markers for hematopoietic stem cells and have been shown to promote the *in vivo* cell viability and engraftment[@b35][@b36][@b37].

Recombinant human WNT3A protein promotes myogenesis of hESC-derived PDGFRA^+^ cells
-----------------------------------------------------------------------------------

To further verify the role of WNT3A protein on myogenic commitment of PDGFRA^+^ cells, we have cultured the cells in induction medium containing varying amounts (0, 10, 50, and 100 ng/mL) of human recombinant WNT3A protein (rhWNT3A) ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). As shown in [Fig. 5A](#f5){ref-type="fig"}, early myogenic markers, including PAX3, PAX7, and MYF5, were found to be downregulated in cells cultured in the presence of rhWNT3A protein. In contrast, these cells showed significant upregulation of other myogenic markers, such as MYOD, DES, MYOG, MYH1, and CD56. The cells cultured in medium containing rhWNT3A protein also stained positive for MF20 and DES, suggesting terminal differentiation of the cells ([Fig. 5B](#f5){ref-type="fig"}, [Supplementary Fig. S2D--E](#s1){ref-type="supplementary-material"}). Similar to the WNT3A-conditioned induction medium, cells cultured with rhWNT3A protein resulted in the upregulation of endogenous WNT3A and its target genes CCND1 and AXIN2 ([Fig. 5C](#f5){ref-type="fig"}). Similar to WNT3A-conditioned medium, Western blot analyses showed higher levels of phosphorylation of AKT at Ser473 and active beta-catenin in cells cultured in media containing 50 ng/mL of rhWNT3A protein ([Fig. 5D](#f5){ref-type="fig"}). The cells cultured in medium supplemented with rhWNT3A also exhibited an upregulation of CD34 and FLK1 ([Fig. 5E](#f5){ref-type="fig"}).

*In vivo* engraftment of hESC-derived myogenic progenitors in a cardiotoxin-injury model
----------------------------------------------------------------------------------------

We next evaluated the *in vivo* engraftment potential of hESC-derived myogenic progenitor cells. We used three cell populations with varying levels of preconditioning prior to transplantation--- hESC-derived PDGFRA^+^ cells cultured for 14 days in (i) induction medium, (ii) WNT3A-conditioned induction medium, or (iii) induction medium supplemented with 50 ng/mL of rhWNT3A. The preconditioned cells were subsequently transplanted into cardiotoxin-injured TA muscles of 2-month-old immunodeficient NOD/SCID mice. Fourteen days after transplantation, the TA muscles were characterized to assess the viability and *in vivo* contribution of the donor cells. The harvested TA muscles were immunostained for human-specific lamin A/C and mouse laminin to visualize the donor cells within the host tissues. Regardless of the differences in preconditioning, histological analyses of the host tissue identified presence of donor cells 14 days post-transplantation ([Fig. 6A](#f6){ref-type="fig"}). However, significant differences were observed in their engraftment efficiency and ability to migrate and contribute to tissue repair. A significantly higher number of donor cells were found when the transplanted cells were preconditioned with either rhWNT3A protein or WNT3A-conditioned induction medium ([Fig. 6A](#f6){ref-type="fig"} and [Supplementary Fig. S4](#s1){ref-type="supplementary-material"}). In addition to contributing to the survival of the transplanted cells, preconditioning also had a significant effect on the *in vivo* contribution of the transplanted cells. Most of the cells cultured in induction medium prior to transplantation were found to be in the interstitial space near the muscle fibers ([Fig. 6A](#f6){ref-type="fig"}, left panel). On the contrary, cells cultured in medium containing Wnt components (rhWNT3A protein or WNT3A-conditioned induction medium) prior to their transplantation were found to disseminate away from the injection site ([Fig. 6A](#f6){ref-type="fig"}, center and right panels). The presence of donor cell-positive nuclei located in the center of the muscle fibers indicates the contribution of donor cells to the regeneration of host muscle fibers ([Fig. 6B--C](#f6){ref-type="fig"}). This contribution of donor cells to the regeneration of damaged muscle fibers was observed only with cell populations that were cultured in medium containing WNT3A protein prior to transplantation. We also determined the contribution of transplanted cells to the satellite cell compartment by staining serial muscle sections for PAX7, a satellite cell marker, human-specific lamin A/C, and mouse laminin. As seen from [Fig. 6D](#f6){ref-type="fig"}, we have detected both PAX7 and human-specific lamin A/C positive cells that were located at the basal membrane of the muscle fibers in the case of donor cells preconditioned in WNT3A-conditioned induction medium. This indicates contribution of donor cells into the satellite cell compartment. No such contribution to the satellite cell compartment was observed in our experiment with cells preconditioned with induction medium or induction medium containing rhWNT3A.

Discussion
==========

Previously, we have devised a derivation protocol to generate myogenic progenitor cells from hESCs[@b17]. In this study, we have harnessed Wnt signaling to promote myogenic differentiation of hESC-derived PDGFRA^+^ cells by using WNT3A-conditioned induction medium or induction medium containing rhWNT3A protein. Our findings show that both WNT3A-conditioned induction medium and induction medium containing rhWNT3A protein promoted the myogenic differentiation of hESC-derived PDGFRA^+^ cells. These results are in accordance with previous reports[@b33][@b38]. While presence of WNT3A moieties in culture medium promoted myogenic commitment of the hESC-derived cells, there were culture condition-dependent (WNT3A-conditioned induction medium vs. induction medium containing rhWNT3A) differences in the gene expression pattern of the cells and the percentage of cells expressing MF20. These differences could be attributed to various reasons such as the concentration of exogenous proteins, presence of additional cell-secreted factors in the WNT3A-conditioned induction medium, etc. A previous report has suggested that WNT3A-conditioned medium from WNT3A-overexpressing L cells contains \~100--200 ng of WNT3A per mL[@b39]; this indicates a higher amount of WNT3A in conditioned medium compared to our cultures containing rhWNT3A. However, our finding from the dose-dependent effect of rhWNT3A on myogenic differentiation shows no significant effect beyond \~50 ng/mL. Taken together, the findings suggest that the difference between WNT3A-conditioned medium and rhWNT3A could be attributed to the presence of other cell-secreted factors having a beneficial effect to myogenic lineage specification in the conditioned medium.

The upregulation of Wnt target genes such as CCND1 and AXIN2 indicates that both WNT3A-conditioned induction medium and induction medium containing rhWNT3A protein activate the Wnt signaling pathway. The active Wnt signaling pathway promotes myogenic commitment of hESC-derived PDGFRA^+^ cells through accumulation of beta-catenin, which is consistent with previous studies that showed activation of the canonical Wnt signaling pathway during postnatal myogenesis and muscle regeneration[@b26][@b27]. Studies by Brack *et al*. demonstrated Wnt signaling-mediated myogenic lineage progression of progenitor cells in presence of either WNT3A protein or GSK3β inhibitor[@b27]. Our study further reveals that the WNT3A-mediated myogenic differentiation of hESC-derived PDGFRA^+^ cells is accompanied by increased AKT activity. This observation is consistent with a previous study that showed treatment with either recombinant WNT3A protein or overexpression of WNT3A protein in myoblasts enhanced insulin-stimulated AKT activation at Ser473[@b40]. In addition, von Maltzahn *et al*. have showed that WNT7A signaling directly activates AKT/mTOR growth pathway in C2C12 cells[@b41]. These studies also suggest the discrete effect of cell-context dependency and culture conditions on Wnt-mediated activation of AKT.

Our *in vivo* results indicate a strong correlation between preconditioning of the cells with their *in vivo* survival and contribution to muscle tissue repair. In addition to differences in the viability of transplanted cells *in vivo*, the culture conditions used to prime the cells prior to their transplantation were found to have a pivotal role in their contribution to skeletal muscle cells. Though 14 days of preconditioning using induction medium supported viability of a few donor cells, they were localized within the interstitial space near the muscle fibers and did not show any apparent contribution to the host myofiber repair or to the satellite cell compartment. On the contrary, a significantly higher number of donor cells were observed in the host tissue when the transplanted cells were preconditioned in medium containing WNT3A components. This could be attributed to the differential extent of differentiation commitment/phenotype of the transplanted cells.

While cells preconditioned with WNT3A were found to repopulate the host tissue and contribute to regeneration of myofibers, only cells preconditioned with WNT3A-conditioned induction medium were found to differentiate into satellite cells, as evident by PAX7 staining. The differences in *in vivo* function of transplanted cells might be attributed to the differences in cell populations resulting from activation or repression of genes by different culture conditions. For example, cells treated with WNT3A-conditioned induction medium for 14 days have shown the highest level of PAX7 expression compared to their counterparts, which could contribute to the satellite cell fractions, in accordance with recent studies[@b42][@b43][@b44]. The cells cultured in WNT3A-conditioned induction medium also showed a significant upregulation of CD56, a neural cell adhesion molecule (NCAM). Emerging studies suggest CD56 as a crucial marker of myogenic progenitor cells and the presence of CD56-positive cells has increasingly been identified to be associated with muscle tissue repair[@b36][@b37][@b45][@b46].

In summary, we demonstrate that culture conditions containing WNT3A protein promote myogenic differentiation of hESC-derived PDGFRA^+^ cells into multinucleated myocytes *in vitro*. When transplanted into cardiotoxin-injured skeletal muscle tissue, the donor cells showed a culture condition-dependent contribution to host tissue repair. No teratoma formation was observed, indicating the potential application of hESC-derived myogenic progenitor cells for clinical purposes. Such ESC-derived myogenic progenitors with the ability to contribute to myofibers and satellite cells could have significant impact in the treatment of various muscle injuries and degenerative diseases.

Methods
=======

Expansion of hESCs
------------------

The OCT4-GFP reporter cell line was created as described previously[@b47]. Cells were expanded on mitomycin C-treated MEF (mouse embryonic fibroblast) feeder cells with Knockout DMEM containing 10% KSR (knockout serum replacement), 10% human plasmanate (Talecris Biotherapeutics), 1% NEAA (non-essential amino acids), 1% penicillin/streptomycin, 1% Gluta-MAX, and 55 μM 2-mercaptoethanol[@b47]. 30 ng/mL of bFGF (basic fibroblast growth factor, Life Technologies) was added daily into the growth medium and cells were passaged using Accutase (Millipore) at \~80% confluency.

Derivation of mesoderm progenitor cells expressing PDGFRA
---------------------------------------------------------

The mesoderm progenitor cells expressing PDGFRA was derived as described earlier[@b17]. Briefly, undifferentiated HUES9 cells were treated with Accutase for 5 mins to create a suspension of single cells. Approximately 1.0 × 10^6^ cells were suspended in high glucose DMEM containing 5% FBS, 2 mM L-glutamine, 100 nM dexamethasone, 100 μM hydrocortisone, 1% penicillin/streptomycin, 10 μM transferrin, 860.9 nM recombinant insulin, 20 nM progesterone, 100.1 μM putrescine, and 30.1 nM selenite (Life Technologies). The cells were cultured on ultra low attachment plates for 9 days to allow them to form embryoid bodies (EBs). The medium was changed every other day. The EBs were split 1 to 6, transferred to a 10 cm dish coated with growth factor-reduced Matrigel (1:25 diluted in KnockOut DMEM; BD Biosciences), and cultured further with the afore-mentioned medium. Within 24 hours, the cells adhered onto the surface. After 7 days of culture, the migrating cells were trypsinized and filtered using a 40 μm cell strainer. The cells were sorted for a PDGFRA^+^/OCT4-GFP^−^ (termed as PDGFRA^+^ cell) population by FACS. The sorted cells were cultured in high glucose DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 1% penicillin/streptomycin before characterization.

FACS analysis
-------------

The hESC-derived single cells were dissociated in DPBS (BD Biosciences) with 2% FBS and 0.09% sodium azide, and then stained with Alexa Fluor 647-conjugated PDGFRA or Alexa Fluor 647-conjugated mouse IgM,K isotype control antibodies (Biolegend). The cells were stained for 30 mins on ice, after which they were washed and resuspended in the above buffer prior to loading on the FACSCanto (BD Biosystems). Data were analyzed with the CellQuest Pro software.

Preparation of WNT3A-conditioned induction medium
-------------------------------------------------

WNT3A-conditioned induction medium was generated using L-Wnt3A cells (ATCC® CRL-2647™) according to the manufacturer\'s protocol[@b39]. Conditioned medium from the corresponding L-cells (CRL-2648™) was collected and used as a control. The cell lines were cultured following manufacturer\'s protocol[@b39]. Briefly, the cells were grown in 10 mL high glucose DMEM supplemented with 2 mM L-glutamine, 100 nM dexamethasone, 100 μM hydrocortisone, 1% penicillin/streptomycin, 10 μM transferrin, 860.9 nM recombinant insulin, 20 nM progesterone, 100.1 μM putrescine, and 30.1 nM selenite with 10% FBS for 4 days prior to collecting conditioned medium. To these cells, another 10 mL of fresh medium was added and cultured for three days to collect second batch of conditioned medium. The two batches of conditioned media were mixed at a 1:1 ratio and filtered using 0.22 μm filter and stored at 4°C until usage.

*In vitro* myogenic differentiation
-----------------------------------

For *in vitro* myogenic differentiation, passage 8, PDGFRA^+^ cells were plated at 1 × 10^4^ cells/cm^2^ and cultured in different media conditions. (i) An induction medium (high glucose DMEM supplemented with 2 mM L-glutamine, 100 nM dexamethasone, 100 μM hydrocortisone, 1% penicillin/streptomycin, 10 μM transferrin, 860.9 nM recombinant insulin, 20 nM progesterone, 100.1 μM putrescine, and 30.1 nM selenite with 10% FBS), (ii) an induction media containing varying amounts of human recombinant WNT3A protein (rhWNT3A; 10, 50, and 100 ng/mL) (R&D Systems, Inc., Cat\#: 5036-WN-010), and (iii) a WNT3A-conditioned induction medium and its control conditioned induction medium collected from L-cells. The extent of myogenic differentiation of the cells in response to different media conditions was analyzed as a function of culture time (4--14 days).

Immunofluorescence staining
---------------------------

Primary antibodies used in staining consisted of the following: PAX7, MF20 (1:200; Developmental Studies Hybridoma Bank), DES (1:250; Abcam), human-specific lamin A/C (1:250; Abcam), and mouse laminin (1:200; Millipore). Secondary antibodies used for staining consisted of the following: goat anti-rat Alexa Fluor 546, goat anti-mouse Alexa Fluor 546, goat anti-mouse Alexa Fluor 488, goat anti-rabbit Alexa Fluor 488, goat anti-rabbit Alexa 546 (1:250; Life Technologies). For staining of cells cultured on TCPS, they were first fixed in 4% PFA for 10 mins at room temperature. Just prior to staining, the cells were permeabilized with 0.1% (v/v) Triton X-100 and blocked with 3% (w/v) BSA for 30 mins, stained with primary antibodies in 1% BSA for overnight at 4°C. After washing 3 times with PBS, cells were stained with secondary antibodies for 1 hr at room temperature. Nuclei were visualized by staining with Hoechst 33342 (2 μg/ml; Life Technologies) for 5 mins at room temperature. For immunohistochemistry, the tibialis anterior (TA) muscles were dissected and placed in optimal temperature cutting compound (OCT). Muscles were serially cryosectioned into 10 μm-thick sections, fixed with 4% PFA for 10 mins at room temperature, permeabilized with 0.3% Triton X-100, and blocked with 20% normal goat serum for 1 hr at room temperature. Finally, the muscle sections were stained with human lamin A/C and laminin primary antibodies. The muscle section from NOD/SCID mice injected with the same volume of PBS devoid of any cells was used as a control to determine the specificity of human-specific lamin A/C antibody ([Supplementary Fig. S6](#s1){ref-type="supplementary-material"}). For antigen retrieval for PAX7 staining, the sections were first stained with human lamin A/C, then post-fixed with 4% PFA for 10 mins at room temperature. These sections were then immersed in preheated (90°C) 10 mM citric acid (pH 6) for 15 mins, washed with PBS thrice, and incubated with PAX7 antibody, followed by incubation with secondary antibody for 1 hr at room temperature. The images acquired using a fluorescence microscope (Carl Zeiss; Axio Observer A1).

Image analysis
--------------

The differentiation index was determined as the ratio of MF20-positive cells to the total number of cells. The fusion index was determined as the ratio of multinucleated myotubes having 3 or more nuclei to the total number of MF20-positive nuclei[@b48]. The number of MF20-positive cells was counted manually from four random fields of view from 4--5 different images. Nuclei were counted by filtering images, adjusting thresholds, and calculating the total number of DAPI-positive nuclei.

RNA extraction and qPCR
-----------------------

TRIzol (Invitrogen) and iScript cDNA synthesis kit (BioRad) were used to isolate RNA and prepare cDNA, respectively. Real-time polymerase chain reaction (qPCR) was performed using SYBR Select Master Mix (Life Technologies) and the ABI Prism 7300 Sequence Detection System (Applied Biosystems). Gene expression was normalized to GAPDH expression as reference and delta Ct values were calculated as C~t~^target^ − C~t~^reference^. All experiments were performed with three biological replicates and the relative fold inductions were calculated as 2^−ΔΔCt^ [@b49]. The list of primers used in this study is presented in [Supplementary Table S1](#s1){ref-type="supplementary-material"}.

Western blot
------------

Cells were lysed in lysis buffer (Sigma-Aldrich, cat\# R0278) containing protease and phosphatase inhibitors (Sigma-Aldrich). Total cell protein was harvested by centrifuging cell lysate at 15000 rcf at 4°C and protein concentration was measured by Bradford assay. Gel electrophoresis was carried out on 8% polyacrylamide gels at 100 V and transferred to polyvinylidene fluoride (PVDF) membranes at 350 mA and 4°C. Membranes were blocked with 3% bovine serum albumin and incubated with active beta-catenin (1 μg/ml; Millipore), phospho-AKT^Ser473^ (1:1000; Cell Signaling), AKT (1:1000; Cell Signaling), and β-actin (1:1000; Sigma-Aldrich) primary antibodies overnight on a shaker at 4°C. Membranes were incubated with horseradish peroxidase-conjugated secondary antibodies in the next day for 1 hr in room temperature, and then covered in chemiluminescent reagent for subsequent exposure on X-ray film or chemiluminescence imager (Protein Simple).

Cell transplantation
--------------------

Animal experiments were carried out according to the protocols approved by Institutional Animal Care and Use Committee (IACUC) of the University of California, San Diego and National Institute of Health (NIH). Twenty four hrs prior to cell transplantation, 2-month-old immunodeficient NOD.CB17-Prkdc^scid^/J mice were injected intraperitoneally with ketamine (100 mg/kg) and xylazine (10 mg/kg), and their TA muscles were injured with 30 μL of cardiotoxin from *Naja mossambica mossambica* (0.5 mg/mL, Sigma). Approximately 5.0 × 10^5^ cells of preconditioned hESC-derived PDGFRA^+^ cell populations -- cells cultured for 14 days in (i) induction medium, (ii) WNT3A-conditioned induction medium, and (iii) induction medium supplemented with 50 ng/mL rhWNT3A -- were resuspended in 10 μL of physiological saline solution (PBS), and intramuscularly injected into the TA muscles. Two weeks after transplantation, TA muscles were harvested and embedded in OCT for cryosectioning. Engraftment of the transplanted cells was analyzed histologically.

Statistical analysis
--------------------

All values are shown as mean ± standard deviation and statistical significance was assessed by two-tailed unpaired Student\'s t-test or single-factor analysis of variance (ANOVA) with Tukey\'s Multiple Comparison Test (*\*p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001).
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![Derivation of PDGFRA^+^ cells from undifferentiated hESCs.\
(A) Schematic describing the derivation of PDGFRA^+^ cells. (B) Undifferentiated hESC colony with OCT4-GFP expression. (C) EB formation. (D) EB attached to the Matrigel-coated plates. (E) Migrating cells from EBs. (F) Representative flow cytometric plots showing PDGFRA^+^ and OCT4-GFP^−^ populations. Scale bar = 200 μm.](srep05916-f1){#f1}

![*In vitro* myogenic differentiation of PDGFRA^+^ cells in WNT3A-conditioned induction medium.\
Gene expression profiles of PDGFRA^+^ cells cultured in induction medium, L-cell-conditioned, and WNT3A-conditioned induction media. Statistical analysis was performed among cells cultured in different media within the same time point. \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001.](srep05916-f2){#f2}

![Terminal myogenic differentiation of cells cultured in WNT3A-conditioned induction medium.\
Immunofluorescence staining for MF20 (green) and DES (red) of PDGFRA^+^ cells cultured in induction medium, L-cell-conditioned, and WNT3A-conditioned induction media as a function of time. Scale bar = 100 μm.](srep05916-f3){#f3}

![Gene expression profile of cells cultured in WNT3A-conditioned induction medium and protein analysis of WNT3A signaling.\
(A), (C) Gene expression profiles of PDGFRA^+^ cells cultured in induction medium, L-cell-conditioned, and WNT3A-conditioned induction media. Statistical analysis was performed among cells cultured in different media within the same time point. (B) Expression of AKT phosphorylation at Ser473 and active beta-catenin in PDGFRA^+^ cells cultured in L-cell-conditioned or WNT3A-conditioned induction medium at 2 and 12 hours. Equal amount of protein loading was verified by beta-actin. Images were cropped to show the indicated bands and uncropped images of Western blots are presented in [Supplementary Fig. S5](#s1){ref-type="supplementary-material"}. \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001.](srep05916-f4){#f4}

![*In vitro* myogenic differentiation of PDGFRA^+^ cells in induction medium containing recombinant human WNT3A protein.\
(A), (C), (E) Gene expression profiles of PDGFRA^+^ cells cultured in induction medium, and medium supplemented with varying amount of recombinant human WNT3A protein. Statistical analysis was performed among cells cultured in different media within the same time point. \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001. (B) Immunofluorescence staining for MF20 (green) and DES (red) of PDGFRA^+^ cells cultured in induction medium, and medium supplemented with different amounts of recombinant human WNT3A protein for 14 days *in vitro*. (D) Phosphorylation of AKT at Ser473 and active beta-catenin expression in PDGFRA^+^ cells cultured in induction medium containing rhWNT3A (50 ng/mL) at 2 and 12 hours. Equal amount of protein loading was verified by beta-actin. Images were cropped to show the indicated bands and uncropped images of Western blots are presented in [Supplementary Fig. S5](#s1){ref-type="supplementary-material"}. Scale bar = 100 μm.](srep05916-f5){#f5}

![Engraftment of myogenic progenitors in cardiotoxin-injured NOD/SCID mice.\
(A) Immunofluorescence staining of TA muscle sections of NOD/SCID mice injected with cells cultured in induction medium (left), WNT3A-conditioned induction medium (middle), and induction medium supplemented with 50 ng/mL of recombinant human WNT3A protein (right) for 14 days *in vitro* prior to the transplantation. The dotted white line within the images indicates the needle injection site. Muscle sections were stained for mouse laminin (red), human lamin A/C (green), and nuclei (blue). Corresponding high magnification images for muscles treated with cells cultured for 14 days in WNT3A-conditioned induction medium (B), and induction medium supplemented with 50 ng/mL (C). The white arrowheads within the images indicate the centerally-located nuclei of donor cells. (D) Immunofluorescence staining of TA muscle sections from NOD/SCID mice injected with cells cultured in WNT3A-conditioned induction medium for 14 days *in vitro* for PAX7 (red) and human lamin A/C (green), and nuclei (blue). The white stars indicate the presence of both Lamin A/C^+^ and PAX7^+^ nuclei at the basal membrane. Scale bar = 200, 20, 20, and 20 μm, respectively.](srep05916-f6){#f6}
